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Multiple yeast prions have been identified that result from the structural conversion of proteins 36 
into a self-propagating amyloid form. Amyloid-based prion activity in yeast requires a series of 37 
discrete steps. First, the prion protein must form an amyloid nucleus that can recruit and 38 
structurally convert additional soluble proteins. Subsequently, maintenance of the prion during 39 
cell division requires fragmentation of these aggregates to create new heritable propagons. For 40 
the yeast prion protein Sup35, these different activities are encoded for by different regions of 41 
Sup35’s prion domain. An N-terminal glutamine/asparagine-rich nucleation domain is required 42 
for nucleation and fiber growth, while an adjacent oligopeptide repeat domain is largely 43 
dispensable for prion nucleation and fiber growth, but required for chaperone-dependent prion 44 
maintenance. Although prion activity of glutamine/asparagine-rich proteins is predominantly 45 
determined by amino acid composition, the nucleation and oligopeptide repeat domains of Sup35 46 
have distinct compositional requirements. Here, we quantitatively define these compositional 47 
requirements in vivo. We show that aromatic residues strongly promote both prion formation and 48 
chaperone-dependent prion maintenance. By contrast, non-aromatic hydrophobic residues 49 
strongly promote prion formation, but inhibit prion propagation.  These results provide insight 50 





Misfolding of a wide range of proteins leads to formation of amyloid fibrils, which are 54 
ordered, β-sheet-rich protein aggregates.  Many human diseases are associated with the 55 
formation of amyloid fibrils, including Alzheimer’s disease, Type II diabetes, and the 56 
transmissible spongiform encephalopathies (TSEs) (1).  However, only a small subset of 57 





], and others in Saccharomyces cerevisiae (5–9).   59 
Most of the known yeast prion proteins contain glutamine/asparagine (Q/N) rich domains 60 
that drive amyloid formation.  Q/N-rich domains are found in 1-4% of the proteins in most 61 
eukaryotic proteomes (10), but very few of these proteins have been shown to undergo amyloid 62 
structural conversion.  Bioinformatics screens for prions in yeast have had some notable 63 
successes (reviewed in (11)); however, despite advances in predicting which Q/N-rich domains 64 
may turn out to be bona fide prions (12, 13), predictions remain imperfect.   65 
A well-studied model prion from yeast is [PSI
+
], the prion form of the translational 66 
terminator protein Sup35 (5).  Like other yeast prion proteins, Sup35 is modular, containing a 67 
distinct prion-forming domain (PFD), middle domain (M), and C-terminal domain (C; Fig. 1A) 68 
(14–17).  The PFD (amino acids 1-114) drives the conversion of Sup35 into its amyloid form 69 
(15), the charged M domain has no known function other than its ability to stabilize [PSI
+
] 70 
fibers,  and the C domain is an essential component responsible for translational termination (14, 71 
17).   72 
Prion formation by Sup35 is driven primarily by the amino acid composition of the PFD 73 
(18).  We previously used a quantitative mutagenesis method to determine the prion propensity 74 
of each amino acid in the context of Q/N-rich PFDs (13).  Briefly, an eight amino-acid segment 75 
in the middle of a scrambled version of the Sup35 PFD was replaced with a random sequence to 76 
generate a library of mutants. This library was then screened for the subset of mutants that 77 
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maintained the ability to form and propagate prions. We then derived prion-propensity scores for 78 
each amino acid by comparing the frequency of occurrence of each amino acid among the prion-79 
forming sequences to their frequency of occurrence in the starting library. These prion propensity 80 
values were used to develop PAPA (Prion Aggregation Prediction Algorithm), a prediction 81 
algorithm capable of accurately distinguishing between Q/N-rich domains with and without 82 
prion activity (13, 19, 20).   83 
Although PAPA represents a significant advance in prion prediction, it is far from 84 
perfect.  One likely problem is that there are multiple distinct steps required for prion activity.  85 
Specifically, prion formation requires that a protein be able to both form prion aggregates and 86 
add onto these aggregates; additionally, prion propagation to daughter cells during multiple 87 
rounds of cell division (also referred to as prion maintenance) requires that the aggregates must 88 
be fragmented to create new independently segregating prion seeds to offset dilution by cell 89 
division (21). Each of these steps may have distinct amino acid sequence requirements, yet 90 
PAPA uses only a single prion propensity score for each amino acid.  Making better predictions 91 
of prion propensity requires a better understanding of how amino acid composition separately 92 
affects prion formation and maintenance.  93 
Sup35 is an ideal substrate for examining these compositional requirements.  Unlike the 94 
scrambled version of Sup35 used for the initial library experiments, the wild-type Sup35 PFD 95 
has two distinct sub-domains with overlapping but separate functions (Fig. 1A).  The N-terminal 96 
nucleation domain (ND; amino acids 1-39) is highly Q/N-rich, and is primarily responsible for 97 
nucleation and growth of prion fibers (16, 22).  The remaining portion of the PFD (amino acids 98 
40-114) has been implicated in prion maintenance and contains an oligopeptide repeat domain 99 
(ORD) consisting of five and a half imperfect repeats with the consensus sequence 100 
(P/Q)QGGYQ(Q/S)YN (16, 23–25). This separation of prion formation from prion maintenance 101 
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potentially allows for dissection of how amino acid composition separately affects each activity. 102 
Importantly, the ND and the ORD have distinct compositional requirements for their respective 103 
functions (26). 104 
The functional separation between the ND and ORD is not absolute (13, 22, 27).  For 105 
example, both the ND and the first two repeats of the ORD are required for efficient de novo 106 
aggregation (22), and tyrosines in the ORD have been implicated in the early steps of prion 107 
nucleation (27).  Nevertheless, significant evidence to supports a role for the ORD in prion 108 
maintenance (22, 26).  Removal of all or part of the ORD (14, 22, 23, 25) or replacement of the 109 
ORD with a random sequence (28) destabilizes [PSI
+
].  Such mutations appear to reduce prion 110 
aggregate fragmentation, resulting in larger aggregates that are frequently lost as a result of 111 
imperfect segregation of aggregates into daughter cells (29).  The chaperone protein Hsp104 is 112 
essential for [PSI
+
] maintenance (30); Hsp104 cleaves prion fibers into smaller fragments better 113 
suited to segregate into daughter cells (21, 31, 32).  The ORD repeats have been hypothesized to 114 
facilitate Hsp104-dependent aggregate cleavage; the repeats could act as Hsp104 binding-sites 115 
(although recent evidence suggests that a binding site exists in the M domain (33)), 116 
conformationally modify the amyloid core to allow chaperone access, or modulate fiber fragility 117 
(24, 34).  Interestingly, the mammalian protein PrP also contains an ORD, and  PrP repeat 118 
expansion is associated with dominantly inherited prion disease (35, 36).  This observation, 119 
combined with the presence of repeat elements in the PFDs of Rnq1 and New1 (22, 37), suggest 120 
a role for repeats in prion maintenance; however, other yeast PFDs, such as in Ure2, do not 121 
contain repeats, so repeats cannot be an absolutely necessary feature for prion maintenance.  122 
Furthermore, scrambling the Sup35 ORD does not prevent prion formation or maintenance (26), 123 
indicating that the activity of the repeats is largely primary-sequence independent. 124 
6 
 
The amino acid compositional requirements for ORD function have only been explored 125 
to a limited degree, mostly through targeted mutations. However, several studies have used 126 
artificial polyglutamine-fragments to explore the sequence requirements for aggregate 127 
fragmentation.  Targeted replacement of Gln with Tyr residues (38) or other aromatic residues 128 
(34) reduced average aggregate size, suggesting an increase in fiber fragmentation.  The elevated 129 
number and regular spacing of Tyr residues in both the Sup35 ORD and in the repeats of prion-130 
like protein New1 likewise suggest that aromatic residues may act as recognition sites for 131 
chaperones such as Hsp104. Indeed, some chaperones are known to use exposed aromatic or 132 
hydrophobic residues as binding sites (39, 40). 133 
To perform a more comprehensive analysis of the compositional determinants for prion 134 
formation and maintenance, we quantitatively measured how amino acid composition affects the 135 
respective activities of the Sup35 ND and ORD.  We observed distinct compositional biases in 136 
these two domains.  To confirm that these differences were due to distinct compositional 137 
requirements for prion formation and maintenance, we developed a new method to specifically 138 
isolate the effects of amino acid composition on prion maintenance.  These studies confirm that 139 
nucleation and maintenance of prions have overlapping but non-identical compositional 140 
requirements, and highlight a divergent role for aliphatic residues in promoting prion formation 141 
while inhibiting prion maintenance.  142 
  143 
MATERIALS AND METHODS 144 
Yeast strains and media. Standard yeast media and methods were as previously 145 
described (41), except that yeast extract-peptone-dextrose (YPD) media contained 0.5% yeast 146 
extract in place of the standard amount (1%).  In all experiments, yeast were grown at 30°C.   147 
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A complete strain list can be found in Table 1. To build YER709/pER589, the HIS3 gene 148 
was amplified from pRS313 using primers EDR1314 and EDR1315 (see Table S1 in the 149 
supplemental material for primer sequences). The resulting product was transformed into 150 
YER632/pJ533 (42); pJ533 expresses SUP35 from a URA3 plasmid as the sole copy of SUP35 in 151 
the cell ((43); see Table S2 in the supplemental material for a complete plasmid list). Successful 152 
knockout of ppq1 was confirmed by PCR and sequencing. Two rounds of plasmid shuffling were 153 
then used to replace pJ533 with pER589 (a URA3 plasmid expressing Sup35MC from the SUP35 154 
promoter). 155 
Building the libraries.  To randomly mutate regions of the SUP35 PFD, first the C-156 
terminal portion of Sup35 was amplified with EDR304 paired with either EDR1388 or EDR1384 157 
for the ND and ORD libraries, respectively.  These products were then reamplified with EDR304 158 
paired with either EDR1380 159 
[GCAAAACTACCAGCAATACAGCCAGAACGGT(NNB)8TACCAAGGCTACCAGGCTTA160 
CAATGC] or EDR1377 161 
[CTGGGTACCAACAAGGTGGCTATCAACAGTACAAT(NNB)10CCTCAAGGAGGCTACC162 
AGCAATACAAC]. These oligonucleotides, made by Invitrogen, contain degenerate segments 163 
encoding for a 25% mix of each nucleotide at positions 1 and 2 of each mutated codon and a 164 
33.3% mix of C, G and T at the third position.  In a second PCR reaction, a primer 165 
complementary to the non-degenerate 5’ region of EDR1380 or EDR1377 (EDR1389 or 166 
EDR1385, respectively) was paired with EDR302 to amplify the N-terminal portion of Sup35. 167 
The N- and C-terminal PCR reactions were combined and reamplified with EDR301 and 168 
EDR262.  The final PCR products were co-transformed with BamHI/HindIII-cut pJ526 [cen 169 
LEU2; from Dan Masison, National Institutes of Health; (18)] into yeast strain YER709/pER589 170 
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for the prion formation experiments and YER282/pER1112 for the prion maintenance 171 
experiments. Transformants were selected on SC-Leu.   172 
Prion formation library experiments.  Transformants were spotted onto 5-FOA-173 
containing medium to select for loss of pER589. Library mutants that grew on 5-FOA were 174 
stamped onto SC-Ade, YPD and YPAD and grown for 3-5 days at 30°C.  Isolates that grew red 175 
on YPD and did not grow on SC-Ade were pooled into mini-libraries containing ~80 clones. 176 
Random isolates were sequenced to generate the naïve data set. Mini-libraries were plated onto 177 




 cells per plate and grown for 5 days at 30°C.  To test 178 
curability, Ade
+
 colonies were grown on YPD and on YPD plus 4mM GdHCl, and then 179 
restreaked on YPD to test for loss of the Ade
+
 phenotype.  Clones in which the Ade
+
 phenotype 180 
was stable and curable were sequenced. The odds ratio (OR) for each amino acid or group of 181 
amino acids was calculated as 182 
OR = [ƒp/(1-ƒp)]/ [ƒnp/(1-ƒnp)] (1) 183 
where ƒp is the per-residue frequency of the amino acid in the mutated region of prion-forming 184 
isolates, and ƒnp is the per-residue frequency of the amino acid in the mutated region of the naïve 185 
library (44, 45). Prion propensity scores for each amino acid (PPaa) are then calculated as 186 
PPaa = ln(OR) (2) 187 
Prion maintenance library experiments. Transformants were replica plated onto 5-188 
FOA-containing medium to select for loss of pER1112. Cells were pooled and mated with 780-189 
1D/pJ533 for 24 h on YPAD.  Diploids were selected by replica plating on SD+Ade+Trp+Ura, 190 
then replica plated onto 5-FOA-containing medium to select for loss of pJ533.  Cells were then 191 
plated for single colonies on YPD media to allow color selection.  Ade
+
 colonies were streaked 192 
on YPD and YPD plus 4 mM GdHCl to test for curability.  Clones in which the Ade
+
 phenotype 193 
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was stable and curable were defined as propagators and sequenced.  Clones with a strong Ade
-
 194 
phenotype were defined as non-propagators and sequenced.   195 
The prion maintenance odds ratio (ORm) for each amino acid or group of amino acids 196 
was calculated as 197 
ORm = [ƒp/(1-ƒp)]/ [ƒnp/(1-ƒnp)] (3) 198 
where ƒp is the per-residue frequency of the amino acid in the mutated region of prion-positive 199 
clones, and ƒnp is the per-residue frequency of the amino acid in the mutated region of non-prion 200 
clones. Prion maintenance propensity scores for each amino acid (PMPaa) were then calculated as 201 
PMPaa = ln(ORm) (4) 202 
To test whether library mutants that failed to maintain [PSI
+
] could add on to wild-type 203 
aggregates when co-expressed with wild-type Sup35, plasmids expressing non-propagating 204 
mutants were isolated and transformed into 780-1D/pJ533.   Cells were then spread on 205 
SD+Trp+Ura supplemented with limiting adenine (10 µg/ml) to allow color selection. To 206 
confirm an inability to propagate [PSI
+
], cells were spotted on 5-FOA-containing medium to 207 
select for loss of pJ533, and then spread on YPD to test for prion loss.   208 
Prion maintenance library experiments, preselecting for the ability to add on to 209 
existing aggregates.  To pre-select against any mutants that were unable to add onto wild-type 210 
Sup35 aggregates, the library experiments were performed as above, except that selection for 211 
diploids was performed on medium lacking adenine (SD+Trp+Ura).  212 
Leave-one-out analysis. To calculate the predicted prion maintenance propensity (PMP) 213 
for each isolate in the prion maintenance library dataset, PMPaa scores were first calculated based 214 
on the other 151 isolates in the dataset (i.e., “leaving out” the one sequence to be scored), as in 215 
Equation 4. The PMP score for the left out isolate was then calculated as the sum of the PMPaa 216 
scores for the ten amino acids in the mutagenized region (the third repeat). This process was 217 
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iteratively repeated for all 152 isolates in the dataset. Four isolates were excluded from the 218 
analysis because they contained amino acids for which PMPaa scores could not be calculated. 219 
The three lysine-containing red sequences were excluded because the absence of lysine among 220 
the propagating clones made lysine’s PMPaa score indeterminate; likewise, the only methionine-221 
containing prion-propagating clone could not be scored, because when it was left out of the 222 
PMPaa calculation, the methionine PMPaa score became indeterminate. The accuracy of the 223 
leave-one-out PMP scores were assessed using a receiver operator characteristic (ROC) plot. 224 
Creation of de novo mutants in the ORD.  A random proteome of 65386 residues was 225 
generated using the random number function of the Microsoft Excel software program, with an 226 
equal chance of selecting any of the 20 natural amino acids at each position.  Windows of 10 227 
amino acid were scored using the calculated PMP values (from the full library dataset).  3628 228 
sequences did not contain any of the low-abundance residues (E, K, M, Q, and W) and were 229 




 percentile were 230 
chosen. Sequences were constructed using the same protocol as that used to build the ORD 231 
library, except that EDR1471-1473 and 1490-1492 were used in place of EDR1377 for the 95
th
 232 
percentile mutants, and EDR1480-1482 and 1493-1495 were used for the 5
th
 percentile mutants.  233 
Tyrosine substitutions in the ORD. To make the tyrosine substitution mutations, first 234 
the C-terminal portion of SUP35 was PCR amplified with EDR304 and EDR1890.  This product 235 
was reamplified with EDR304 paired with EDR1892-1895 or 2156-2158.  In a separate reaction, 236 
the N-terminal portion of SUP35 was amplified with EDR302 and EDR1891. The N- and C-237 
terminal reactions were then combined and reamplified with EDR301 and EDR262.  The final 238 
PCR products were co-transformed with BamHI/HindIII-cut pJ526 into YER632/pJ533. 5’FOA 239 
was used to select for loss of pJ526. Plasmids to transiently overexpress each PFD from the 240 
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GAL1 promoter were constructed and prion formation assays performed as previously described 241 
(42).  242 
Plasmids expressing PFD-GFP fusions were constructed as previously described (42). To 243 
test for foci formation, these plasmids were transformed into 780-1D/pJ533 and YER632/pJ533. 244 
Cells were grown for 2 h in galactose/raffinose dropout medium and visualize by fluorescence 245 
microscopy. 246 
In silico reanalysis of Alberti et al. data set.  Amino acid compositions were compared 247 
by calculating the percentage of each amino acid out of the total number of amino acids in each 248 
predicted PFD (12).  The 18 proteins that passed all four tests in the assays of Alberti et al. (12) 249 
were as follows:  Ure2, Sup35, Rnq1, New1, Puf2, Nrp1, Swi1, Ybr016w, Cbk1, Lsm1, 250 
Ybl081w, Pub1, Ksp1, Asm4, Nsp1, Gln3, Ypr022c, and Rlm1.  The 12 proteins that failed only 251 
in the Sup35 fusion protein expression assay were as follows:  Snf5, Gts1, Scd5, Sgf73, Sok2, 252 
Mot3, Ngr1, Jsn1, Pdr1, Cyc8, Pan1, and Ybr108w. 253 
Statistics.  Both the two-sided Student’s t-tests and Fisher’s exact tests were performed 254 
using the GraphPad QuickCalcs website (http://www.graphpad.com/quickcalcs/).  Standard 255 
errors (SE) for log odds ratios are estimated as 256 
SE = [1/np + 1/(tp - np) + 1/nnp + 1/(tnp – nnp)]
0.5
 (5) 257 
where np and nnp are the number of times that the amino acid is found in the prion and naïve (or 258 
non-prion for the prion maintenance experiments) libraries, respectively, and tp and tnp are the 259 
total number of amino acids in the prion and naïve (or non-prion) libraries, respectively (44). To 260 
determine if the difference between two log odds ratios is statistically significant, z scores were 261 
calculated, using a two-sample z-test, as 262 






 (6) 263 
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where OR1 and OR2 are the two odds ratios, and SE1 and SE2 are the standard errors for the 264 
respective log odds ratios. 265 
 266 
RESULTS 267 
Prion formation library experiments with the SUP35 ND and ORD.  To define the 268 
distinct compositional requirements of the Sup35 ND and ORD, libraries of Sup35 mutants were 269 
created in which segments of the ND or ORD were replaced with a segment of random amino 270 
acids (bold italics in Fig. 1B). The ND segment (amino acids 21-28) was selected because it 271 
overlaps the portion of the ND that was previously shown to be critical for aggregate growth 272 
(16), and because it contains a mixture of predicted prion-promoting and -inhibiting residues.  In 273 
the ORD, the third repeat (amino acids 65-74) was targeted because this repeat is important for 274 
efficient prion maintenance, but dispensable for prion nucleation or fiber growth (22).  275 
We utilized an oligonucleotide-based mutagenesis method to build each library (13).  276 
Oligonucleotides were designed to anneal to the regions flanking the site of mutagenesis, but 277 
with the target codons replaced with the sequence (NNB)n, where N is any of the four 278 
nucleotides, B is any of the nucleotides except adenine, and n is number of targeted codons (8 for 279 
the ND library and 10 for the ORD library).  Disallowing adenine at the final position eliminates 280 
two of the three stop codons, while still allowing all 20 amino acids to be incorporated in the 281 
mutated region.  PCR with these oligonucleotides was used to create libraries of randomly 282 
mutated versions of SUP35, which were then transformed into yeast cells in which SUP35C was 283 
expressed from a plasmid as the sole copy of SUP35 in the cell. Through plasmid shuffling, the 284 
SUP35C expressing plasmid was replaced with the random library (Fig. 1C).  Prion formation by 285 
Sup35 is extremely rare without PFD overexpression, and only a small fraction of library 286 
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mutants were expected to form prions.  Therefore, to enhance prion detection, a ppq1 strain was 287 
used; this mutation enhances [PSI
+
] formation by approximately 10-fold (46). 288 
 The prion-forming libraries were screened as previously described (13).  Briefly, to 289 
remove any clones that might have compromised Sup35 activity, each clone was first screened 290 
for Sup35 activity by monitoring nonsense suppression of the ade2-1 allele (47). ade2-1 mutants 291 
are unable to grow in the absence of adenine and turn red in the presence of limiting adenine.  292 
[PSI
+
] causes stop-codon read-through, allowing for growth without adenine and white or pink 293 
colony formation in the presence of limiting adenine.  Colonies that grew red on limiting adenine 294 
and did not grow without adenine were pooled into mini-libraries consisting of ~80 mutants. 295 
Sup35 was sequenced from randomly selected clones to generate a naïve library data set (see 296 
Table S3 in the supplemental material for the full set of sequences).  297 
The mini-libraries were plated onto SC-ade to select for prion formation.  Ade
+
 colonies 298 
can result from either DNA mutation or prion formation. To distinguish between these, Ade
+
 299 
cells were grown on YPD with and without guanidine HCl, and then restreaked onto YPD to test 300 
for loss of the Ade
+
 phenotype.  Guanidine HCl cures [PSI
+
] (48) by inhibiting Hsp104 activity 301 
(49, 50). Cells that lost the Ade
+
 phenotype after growth on guanidine HCl, but maintained the 302 
Ade
+
 phenotype after growth on YPD were considered prion-positive, and were sequenced (see 303 
Table S3 in the supplemental material). 304 
 Compositional biases among the ND and ORD prion-forming isolates.  For each 305 
amino acid, an odds ratio was determined, which represents the degree of over- or 306 
underrepresentation of that amino acid among the [PSI
+
] isolates ((13); Table 2). In many cases, 307 
the odds ratios for individual amino acids carry large confidence intervals due to limitation of the 308 
library sample sizes.  This is particularly true for Met, Trp, Lys, Gln and Glu; because adenine 309 
was excluded at the third position of each codon, each was only encoded for by a single codon, 310 
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and thus each was quite rare among the libraries (Table 2). Nevertheless, there was a strong 311 
correlation (P=0.016 by Spearman rank analysis) between the odds ratios for the ND library and 312 
our previously determined odds ratios based on mutagenesis of Sup35-27 (13), a version of 313 
Sup35 with a scrambled PFD (Table 3). Excluding the five single-codon amino acids further 314 
strengthened this correlation (P=0.0064).   315 
Grouping similar amino acids can effectively increase sample sizes, thereby improving 316 
statistical significance. Doing so confirmed that the same broad trends observed for Sup35-27 317 
were seen in the ND library, with both aromatic and non-aromatic hydrophobic residues 318 
promoting prion activity, and charged residues strongly inhibiting prion activity (Fig. 2A). 319 
 There was also a statistically significant correlation between our previous Sup35-27 odds 320 
ratios and those for the ORD library (P=0.017).  As in the ND and Sup35-27 libraries, there was 321 
a statistically significant bias against charged residues among prion-forming sequences in the 322 
ORD library (P=0.0002; Table 2) and an over-representation of aromatic residues, albeit below 323 
the threshold for statistical significance (P=0.084; Table 2). However, there was one striking 324 
difference.  With the exception of leucine (which is known to have a low β-sheet propensity; 325 
(51), the non-aromatic hydrophobic residues (Ile, Val and Met) were highly enriched among 326 
prion-forming sequences in both the Sup35-27 library (P=0.0001) and the ND library (P=0.017), 327 
yet they were actually modestly under-represented among prion-forming sequences in the ORD 328 
library (Table 3). The differences between the ORD library and both the Sup35-27 and ND 329 
libraries were both statistically significant (Table 3; P=0.0031 and 0.029, respectively), 330 
demonstrating that these residues have significantly different effects in these locations. 331 
 Prion maintenance library experiments with the SUP35 ORD.  The simplest 332 
explanation for the different biases observed in the ND versus ORD is that these differences 333 
reflect the distinct functions of the two regions (16, 23–25), and thus that non-aromatic 334 
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hydrophobic residues promote prion formation, but not prion maintenance.  However, the 335 
functional separation between the two regions is not absolute, so it is possible that some of the 336 
ORD biases that we observed were due to effects on prion formation.   337 
Therefore, we adapted our library screening method to specifically isolate the effects of 338 
composition on prion maintenance (Fig. 3A).  We constructed a second ORD library as above, 339 
but this time assessed the ability of mutants to maintain an existing prion. To accomplish this, we 340 
utilized a two-step process. Because our plasmid libraries were constructed directly in yeast 341 
using homologous recombination (by co-transforming a mutagenized PCR product and a 342 
linearized vector), the libraries were inevitably contaminated with products of recombination 343 
between the initial Sup35 maintenance plasmid that was present in the cell and the linearized 344 
vector.  Thus, when the libraries were built directly in a [PSI
+
] cell, because prion-propagating 345 
mutants are relatively rare, a large fraction of the prion-propagating clones turned out to contain 346 
wild-type Sup35 (data not shown).  To avoid this problem, the libraries were constructed in a 347 
[psi
-
] strain expressing scrambled Sup35 (Sup35-27) from a URA3 plasmid as the sole copy of 348 
Sup35 in the cell.  After transformation, we selected for loss of the URA3 plasmid, so that the 349 
library mutants were the sole copy of Sup35.  These cells were then mated with wild-type [PSI
+
] 350 
cells in which the sole copy of Sup35 was again expressed from a URA3 plasmid.  After 351 
selection for diploids and for loss of the URA3 plasmid, clones were plated for single colonies 352 
and screened for Sup35 activity using the ade2-1 allele.  Because Sup35-27 is unable to 353 
propagate wild-type [PSI
+
], any spurious recombination events between the Sup35-27 354 
maintenance plasmid and the linearized vector during the cloning step would result in [psi
-
] cells. 355 
These Sup35-27 clones were excluded from our analysis. 356 
Red colonies were deemed to have lost [PSI
+
]. By contrast, colonies were considered 357 
capable of efficiently maintaining [PSI
+
] if they were white on YPD, and stably maintained this 358 
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white phenotype upon restreaking on YPD, but grew red on YPD after guanidine treatment. 359 
Clones of intermediate phenotype (which were substantially pink or sectored on YPD, or that 360 
were initially white on YPD, but showed any loss of the prion upon restreaking on non-selective 361 
medium) were excluded from the study.  A total of 65 distinct white mutants and 87 red mutants 362 
were sequenced (see Table S3 in the supplemental material).   363 
 Compositional biases among the propagating prion isolates.  For each of the amino 364 
acids, an odds ratio was calculated as in Equation 3.  Six amino acids showed statistically 365 
significant differences between the prion-maintaining (white) and prion-losing (red) isolates: 366 
Trp, Tyr, and Cys were significantly overrepresented among the prion-maintaining isolates, 367 
while Val, Leu, and Arg were significantly underrepresented (Table 2).  When chemically-368 





) and charged residues were underrepresented (P=0.0002), as in each 370 
of the previous libraries; however, non-aromatic hydrophobic residues were substantially 371 
underrepresented (P=10
-4
). Thus, focusing specifically on prion maintenance amplified the 372 
previously observed differences seen between the ND and ORD libraries for non-aromatic 373 
hydrophobic residues (Fig. 2B,C).  The differences observed for non-aromatic hydrophobic 374 
residues between the ORD prion-propagating library experiments and both Sup35-27 and the ND 375 
were highly statistically significant (P<10
-4
).  Interestingly, even the difference between the ORD 376 
prion-propagating experiments and the original ORD library experiments approached statistical 377 
significance (P=0.077), suggesting that in the original ORD experiments, non-aromatic 378 
hydrophobics may have had partially offsetting effects, promoting prion formation while 379 




ORD mutants that failed to maintain [PSI
+
] were not due to failure to add on to 382 
existing wild-type aggregates.  In the prion-maintenance library experiments, a protein could 383 
fail to maintain [PSI
+
] for one of two reasons: a mutant could fail to add onto the pre-existing 384 
wild-type aggregates (Fig. 3A, after Step 2), or the mutant could successfully add onto pre-385 
existing aggregates, but have a defect in the subsequent prion-maintenance steps (Fig. 3A, after 386 
Step 3).  To distinguish between these two possibilities, plasmids expressing mutant SUP35 from 387 
individual non-propagating clones were isolated and re-transformed into wild-type [PSI
+
] cells. 388 
The phenotype of transformants was examined before and after selection for the loss of wild-type 389 
plasmid (analogous to before and after Step 3 in Fig. 3A). If a mutant is unable to add onto the 390 
preexisting wild-type aggregates, then it should remain soluble (active) even in the presence of 391 
wild-type [PSI
+
], resulting in a red phenotype (Fig. 3B). Of the 14 clones examined (indicated 392 
with an asterisk in Table S3), none were fully red when the wild-type and mutant proteins were 393 
co-expressed, although three (FYSVSILDRR, GCPRVVIHVD, PHFALVHSTH) showed a mild 394 
pink phenotype, suggesting a slightly reduced efficiency of adding on to wild-type aggregates or 395 
a partially dominant defect in prion aggregate fragmentation; by contrast, all 14 were red or 396 
highly sectored after loss of the wild-type plasmid (Fig. 3B and data not shown).  397 
These results indicate that the majority of library sequences that failed to maintain [PSI
+
] 398 
were competent for adding onto the pre-existing wild-type aggregates, but had a defect in the 399 
subsequent maintenance steps. However, it remained possible that rare mutants with a defect in 400 
addition to pre-existing aggregates could skew the results of the library screen. To more 401 
comprehensively examine this issue, the library experiment was repeated with an additional 402 
selection step to remove such mutants.  After mating the mutant library strains with wild-type 403 
[PSI
+
]-containing cells (Fig. 3A, Step 2), the selection step to select for diploid cells was 404 
undertaken in the absence of adenine; this selects against mutants that remain functional in the 405 
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presence of wild-type [PSI
+
] (i.e., that are not efficiently incorporated into [PSI
+
] aggregates).  406 
Then, after selecting for loss of the wild-type plasmid, each clone was examined as before for its 407 
ability to propagate [PSI
+
] when expressed as the sole copy in the cell.  This method has the 408 
substantial downside that it adds an additional prion selection step; nevertheless, it allowed us to 409 
confirm that selecting against mutants with a defect in adding to pre-existing aggregates did not 410 
substantially change the outcome. With a smaller set of 19 prion-maintaining mutants and 26 411 
non-propagators (see Table S3 in the supplemental material), the broad trends from the original 412 
maintenance library held in this altered experimental system (Fig. 2C,D).    413 
 Predicting propagating versus non-propagating sequences.  To assess whether the 414 
biases seen in the prion-maintenance library experiments were sufficient to predict the behavior 415 
of individual library isolates, we used the standard leave-one-out method of cross-validation. 416 
Briefly, there were 152 sequences in the prion maintenance library dataset (65 white and 87 red). 417 
To calculate the prion maintenance propensity (PMP) score for each sequence, the sequence was 418 
excluded (i.e., “left out”) from the dataset, and the remaining 151 sequences were used to 419 
calculate prion maintenance propensity scores for each amino (PMPaa) acid using Equation 4. 420 
The PMP score for the excluded sequence was then calculated as the sum of the PMPaa values for 421 
each of the ten amino acids in the mutated region. This process was iteratively repeated for all 422 
152 sequences. White clones had significantly higher PMP scores (P<0.0001 by two-sided t test) 423 
than red clones, although there was significant overlap between the two sets (Fig. 4). For 424 
example, 73.4% of the white clones had positive PMP scores, while only 32% of the red clones 425 
did, and the 26 lowest-scoring sequences were all red. By contrast, PAPA showed almost no 426 
ability to distinguish between the red and white clones (Fig. 4), consistent with the idea that 427 
PAPA is better correlated with prion formation propensity than prion maintenance propensity 428 
(Fig. 2). 429 
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  We then tested whether the observed PMPaa values from the full library dataset (Table 3) 430 
were sufficient to rationally design sequences that could substitute for the third repeat of the 431 
ORD (the region mutagenized in the ORD library experiments) in supporting prion propagation. 432 
We constructed a random library of 10-amino-acid segments in silico, and then used the PMP 433 
scores to identify segments with predicted high or low prion maintenance propensity.  Six of the 434 
randomly-designed sequences that were predicted to be very good at maintaining [PSI
+
] (in the 435 
95
th
 percentile among the in silico library) and six versions predicted to maintain [PSI
+
] poorly 436 
(5
th
 percentile) were inserted in the place of the third repeat. Plasmids expressing these mutants 437 
were transformed into wild-type [PSI
+
] cells in which the sole copy of Sup35 was expressed 438 
from a plasmid.  After selection for loss of wild-type plasmid, cells were examined for [PSI
+
] 439 
loss (Fig. 5A).  While all six predicted prion maintaining mutants were uniformly white when 440 
plated on YPD (Fig. 5A, left side), the predicted non-propagators were more variable.  Three 441 
clones showed a mixture of red and white colonies, reflecting a high degree of prion loss, while 442 
the others showed only very modest pink phenotypes (Fig. 5A, right side).  All 12 mutants were 443 
red after treatment with guanidine HCl (Fig. 5B). Collectively, these results suggest that our 444 
PMP values are sufficient to identify broad trends, but not sufficient to predict whether a given 445 
sequence will support prion maintenance. 446 
 Essential role for aromatic residues in prion maintenance. We designed targeted 447 
mutations to further examine the differences between the effects of aromatic and non-aromatic 448 
residues on [PSI
+
] maintenance. The Sup35 PFD contains 20 Tyr residues, one Phe, and no Trp, 449 
Ile or Val.  Five of the Tyr residues are located in the ND, and non-aromatic hydrophobic 450 
residues can substitute for these ND tyrosines in supporting prion activity (42).  Here, we 451 
examined the effects of substituting different residues for Tyr in the ORD. 452 
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 We replaced the five tyrosine residues in the third, fourth and fifth repeat of the ORD 453 
with Ala, Val, Ile, Leu, Met, Phe, or Trp.  Each mutant was transformed into a wild-type [PSI
+
] 454 
cell in which the sole copy of Sup35 was expressed from a plasmid. After selection for loss of 455 
the wild-type plasmid, only the two constructs with aromatic substitutions were able to stably 456 
maintain [PSI
+
] (Fig. 6A).  Prion loss was not due to inability to be recruited to pre-existing 457 
Sup35 aggregates. When GFP fusions of each mutant PFD were transiently expressed for 2 h in 458 
wild-type [psi
-
] cells, each remained diffuse (Fig. 6B); however, when the GFP fusions were 459 
transiently expressed in [PSI
+
] cells, each rapidly coalesced into foci (Fig. 6B), indicating that 460 
the mutants were efficiently recruited into wild-type [PSI
+
] aggregates.  461 
 Although these results suggest that substitution of ORD tyrosines with non-aromatic 462 
hydrophobic residues results in a defect in [PSI
+
] maintenance, it remained possible that these 463 
constructs are able to maintain some variant of [PSI
+
], but just not the specific [PSI
+
] variant 464 
present in these cells.  Therefore, each of the mutants was tested for the ability to form [PSI
+
] de 465 
novo when expressed as the sole copy of Sup35 in the cell.  Cells were grown either with or 466 
without overexpression of the matching PFD, and then plated onto SC-ade medium to test for 467 
prion formation.  PFD overexpression increases prion formation by increasing the probability of 468 
the initial prion-forming nucleation events (5).  All of the constructs were able to form Ade
+
 469 
colonies upon PFD overexpression (Fig. 6C), albeit with varying frequencies; in fact, the Trp 470 
substitutions actually substantially increased prion formation. However, the Ade
+
 colonies 471 
formed by the Phe and Trp substitution constructs, and to a lesser extent by the Ile construct, 472 
were substantially bigger than those formed by the Ala, Val, Leu or Met constructs.  473 
Furthermore, as in the plasmid shuffling experiments (Fig. 6A), Phe and Trp constructs were 474 
able to consistently maintain a white [PSI
+
] phenotype when passaged on YPD medium, while 475 
the Val, Ile, Leu and Met Ade
+
 isolates all reverted to a red phenotype after growth on non-476 
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selective medium (Fig. 6D).  The only mutant that behaved differently from the shuffling 477 
experiment was the Ala substitution mutant, which was able to form rare stable, curable prions 478 
(Fig. 6D). 479 
 The low frequency of Ade
+
 colonies seen for some of the mutants (Fig. 6C) could be due 480 
to either a defect in prion nucleation, or in maintenance of prion aggregates.  However, 481 
overexpression of each of the mutants efficiently stimulated wild-type Sup35 to form prions, 482 
suggesting that these mutants do not have a nucleation defect (Fig. 6E). Collectively, these 483 
results indicate that the mutants containing non-aromatic hydrophobic replacements for tyrosine 484 
are able to efficiently aggregate, but are unable to stably propagate these aggregates as prions. 485 
 Yeast PFDs that successfully propagate show similar compositional biases.  Alberti et 486 
al. previously generated a large data set in which the 100 yeast protein fragments (averaging 487 
about 160 amino acids in length) with the greatest compositionally similarity to the Sup35, Ure2, 488 
Rnq1, and New1 PFDs were tested in four distinct assays of prion-like activity (12). The four 489 
assays used in this study included three measures of aggregation (formation of fluorescent foci 490 
when expressed as an EYFP fusion; formation of SDS-resistant aggregates in an SDD-AGE 491 
assay; and in vitro aggregation of purified recombinant proteins, as monitored by thioflavin-T 492 
fluorescence) and one assay (replacement of the PFD of Sup35 with a portion of each ORF) that 493 
tested for the ability to support true prion activity (12).    494 
Eighteen of the fragments in the dataset passed all four assays (12).  Another 12 of the 495 
passed all three of the aggregation assays, but failed the Sup35 fusion assay; this indicates that 496 
these domains have an ability to form aggregates, but may have a defect in prion maintenance, 497 
although it is important to note that proteins can fail the Sup35 fusion assay for a variety of 498 
reasons, and that even some known PFDs fail in this assay (see Discussion).  These two sets had 499 
very similar Q/N content (Fig. 7A) and predicted aggregation propensity according to PAPA 500 
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(data not shown).  However, consistent with the results of our library screens, aromatic residues 501 
(Fig. 7B) were overrepresented and non-aromatic hydrophobic residues under-represented (Fig. 502 
7C) among the proteins that passed all four assays. Strikingly, each of the most hydrophobic 503 
non-aromatic residues (Ile, Met, Val, and Leu) were more common among the proteins that 504 
passed the three aggregation assays but failed the Sup35 assay, although this bias was only 505 
statistically significant for Leu and Val (P=0.008 and 0.0002, respectively).  While neither the 506 
over-representation of aromatics nor the underrepresentation of non-aromatic hydrophobics was 507 
absolute, both were statistically significant (P = 0.0003 for non-aromatic hydrophobics and P = 508 
0.05 for aromatics), suggesting that the trends identified in our library experiments may extend to 509 
other prion-like domains.  510 
 511 
DISCUSSION 512 
 We previously showed that the ND and ORD have distinct compositional requirements 513 
(26). Here, we make first steps towards quantitatively defining these requirements.  Most 514 
significantly, we show that aliphatic residues promote prion activity in the ND while inhibiting 515 
prion activity in the ORD.  It appears that this difference is due to the distinct functions of the 516 
two regions in supporting prion activity. Consistent with earlier work suggesting that the ORD is 517 
largely dispensable for prion formation (22), replacement of aromatic residues in the ORD with 518 
aliphatic residues does not significantly affect the ability of the PFD to nucleate prion formation, 519 
but does disrupt maintenance of prion aggregates. 520 
 These experiments nicely complement previous work using poly-glutamine to study the 521 
effects of amino acid composition on fiber fragmentation  (34, 38).  Alexandrov et al. inserted 522 
different residues into polyglutamine stretches and found that aromatic residues reduce average 523 
aggregate size (34). However, there are challenges in interpreting these experiments. While poly-524 
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Q forms aggregates, it does not form prions per se, and it is not clear how similar the structure of 525 
poly-Q aggregates is to prion aggregates; the authors suggest that the uniform sequence of poly-526 
Q likely results in “staggered” aggregates, rather than the ordered, in-register parallel β-sheet 527 
aggregates formed by Sup35 (34). Additionally, while smaller aggregate size is consistent with 528 
an increase in fiber fragmentation, average aggregate size would also be expected to be a 529 
function of the frequency of spontaneous aggregate nucleation and the rate of fiber growth rates. 530 
For example, spontaneous nucleation, like fragmentation, creates new independently segregating 531 
aggregates; so, if nucleation rates are exceptionally high, such that many nucleation events 532 
happen per cell division, this would increase the number of independent aggregates, and thus 533 
decrease average aggregate size. The current experiments expand on this previous work by 534 
beginning to parse out the specific steps in prion activity affected by each amino acid. 535 
 The observation that specific amino acids can have different effects at different positions 536 
is itself not surprising or unprecedented. For example, Bondarev et al. recently showed that 537 
insertion of lysine residues into the first or second repeat of the Sup35 ORD resulted in [PSI
+
] 538 
loss, but similar insertions in the other repeats did not (52).  This result makes sense; the ND and 539 
first two repeats of the ORD are required for efficient nucleation of prion formation and for 540 
addition to pre-existing [PSI
+
] aggregates (22), suggesting that this region forms critical contacts 541 
that mediate fiber growth. By contrast, the third through fifth repeats are dispensable for these 542 
activities.  Therefore, it is not surprising that mutations in the first two repeats might have 543 
stronger effects. Indeed, we saw what may be a similar effect; proline and glycine, both of which 544 
have low β-sheet propensities, were better tolerated in the ORD than the ND. However, our 545 
results also show something more unexpected – that amino acids that promote prion activity at 546 
one region in a PFD can actually inhibit prion activity in other regions. 547 
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Although the differences between the amino acid compositions of red and white clones in 548 
our prion maintenance library experiments were highly statistically significant, they were not 549 
sufficient to predict with 100% accuracy whether a given mutant could propagate prions (Figs. 4 550 
and 5).  Part of this could be due to the large confidence intervals associated with each amino 551 
acid’s PMP score.  Also, factors other than just simple amino acid composition may affect prion 552 
maintenance. For example, there may be certain positions where specific amino acids are favored 553 
or disfavored. We did not observe any strong positional biases in any of our libraries, but this in 554 
part could be due to limitations of our sample sizes. We also examined whether a number of 555 
other factors might, in conjunction with PMP score, improve discrimination between the sets.  556 
These include presence/absence of groups of amino acids, total number of charges, net charges 557 
of each 10-mer, distribution of charges within each 10-mer, hydrophobicity, predicted β-sheet 558 
propensity, and disorder propensity.  However, none of these improved the discrimination 559 
between the propagating and non-propagating sequences compared to PMP scores alone (data 560 
not shown). 561 
Similarly, the biases for aromatic residues and against aliphatic residues among domains 562 
that can substitute for the Sup35 PFD in supporting prion activity were also not absolute.  The 563 
prion protein Ure2 is a good example of this. The Ure2 PFD has only two aromatic residues 564 
(both F) and 12 non-aromatic hydrophobic residues (I, L, V, and M) (53). It is possible that other 565 
residues that modestly promote prion maintenance can substitute for aromatic residues when 566 
present at high enough density; for example, Ure2 has very high Ser and Asn content, both of 567 
which scored as modestly promoting prion maintenance in our assays.  Alternatively, different 568 
prions have different chaperone requirements (54), so the trends that we observed might be 569 
specific for the constellation of chaperones that propagate [PSI
+
]. Consistent with this, Crist et 570 
al. (28) identified repeat sequences lacking aromatic residues that could substitute for the Sup35 571 
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ORD in supporting prion activity, but the resulting prions were Hsp104-independent.  Thus, 572 
more detailed comparison of the amino acid compositions and chaperone requirements of 573 
different PFDs many provide insight into the mechanism by which specific compositional 574 
features promote prion maintenance. 575 
 Because of the distinct chaperone requirements for different prions, it may prove difficult 576 
to develop a simple method to predict whether a given sequence will be able support prion 577 
maintenance.  The prion prediction algorithm PAPA is able to effectively discriminate between 578 
Q/N-rich proteins that have high versus low aggregation propensity (19), but for proteins that 579 
show high aggregation propensity, it is ineffective at predicting which will be able to support 580 
full-fledged prion activity. The current experiments explain why; the prion propensity scores that 581 
make up PAPA match the ND library scores more closely than the ORD library scores (Fig. 2), 582 
suggesting that PAPA predominantly scores aggregation propensity.  583 
 There are some important caveats to consider when analyzing constructs in the Sup35 584 
fusion assay (as in Fig. 7). First, Sup35 is an essential gene, so any [PSI
+
] prion that too 585 
effectively sequesters and inactivates Sup35 will be lethal; indeed, many spontaneously-formed 586 
[PSI
+
] variants are lethal (55). Thus, a fragment could fail the Sup35 assay because it forms too 587 
strong of a prion variant. Additionally, context does affect prion activity. Some known PFDs fail 588 
to support prion activity when fused to Sup35, and conversely, many of the fragments that 589 
support prion activity when fused to Sup35 have not yet been shown to form prions in their 590 
native context. Therefore, while our analysis may help explain why some prion-like fragments 591 
fail in the Sup35 fusion assay, additional experiments will be needed to determine whether 592 
similar effects would be seen in other sequence contexts. 593 
 Finally, it should be noted that the prion maintenance library experiments were done with 594 
a single strong [PSI
+
] strain.  We chose to use a strong [PSI
+
] variant for two reasons.  First, it 595 
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increased the chances that any red clones were due to a prion maintenance defect, as opposed to 596 
the spontaneous prion loss that would be common with a weak strain. Second, various evidence 597 
suggests that the amyloid core extends further into the ORD in weak prion variants (24, 56), 598 
increasing the chances that red isolates could be due to an inability to add onto pre-existing 599 
aggregates rather than a defect in the subsequent maintenance steps.  The difference in prion 600 
maintenance ability between aromatic and aliphatic residues appears to be prion variant 601 
independent, as the ORD mutants in which tyrosines were replaced with aliphatic residues not 602 
only failed to propagate an existing strong prion variant (Fig. 6A), but were also unable to form 603 
their own stable prion variants (Fig. 6D). Nevertheless, it remains possible that some of the other 604 
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FIGURE LEGENDS 754 
 755 
FIG. 1.  Prion formation library experiment.  (A) Schematic of Sup35. The PFD is enlarged 756 
below, showing the nucleation domain (ND) and ORD. (B) Sequence of Sup35.  The 757 
oligopeptide repeats are underlined. The region of the ND and ORD targeted for 758 
mutagenesis are in bold italics. (C) Experimental scheme for prion formation library 759 
experiments. [psi
–
] cells in which Sup35C was expressed from a URA3 plasmid as the 760 
sole copy of Sup35 were transformed with randomly mutated version of Sup35 and then 761 
selected for loss of the wild-type plasmid (Step 1). Cells were screened to remove clones 762 
in which the mutant Sup35 had compromised activity and randomly selected clones were 763 
sequenced to generate the naïve library. The library was then screened for clones that 764 
could form and propagate prions (Step 2). 765 
 766 
FIG. 2.  Non-aromatic hydrophobic residues show different prion formation and maintenance 767 
propensities. Comparison of the previously-determined log odds ratios based on 768 
mutagenesis of Sup35-27 (13) was undertaken to the log odds ratios from the ND (A) or 769 
ORD (B) prion formation library experiments, the ORD prion maintenance library 770 
experiment (C), or the prion propagation library experiment in which an additional step 771 
was added to remove mutants that were not efficiently recruited into wild-type prion 772 
aggregates (D). While the odds ratios for charged, aromatic and polar residues (filled 773 
diamonds) show similar trends in each library, non-aromatic hydrophobic residues (open 774 
diamonds) score substantially worse in the ORD prion formation and maintenance 775 
libraries.  Charged residues are Asp, Glu, Lys, and Arg. Polar residues are Ser, Thr, Asn, 776 
34 
 
and Gln. Aromatic residues are Trp, Tyr, and Phe. Non-aromatic hydrophobic residues 777 
are Leu, Ile, Val and Met. Error bars indicate standard errors, calculated as in Equation 5. 778 
 779 
FIG. 3. Prion maintenance library experiments. (A) Experimental scheme. [psi
–
] cells in which 780 
Sup35C was expressed from a URA3 plasmid as the sole copy of Sup35 were transformed 781 
with randomly mutated version of Sup35 and then selected for loss of the wild-type 782 
plasmid (Step 1). These cells were mated with wild-type [PSI
+
] cells in which the sole 783 
copy of Sup35 was expressed from a URA3 plasmid (Step 2). After selection for loss of 784 
the URA3 plasmid (Step 3), red and white clones were sequenced. In the modified 785 
protocol to select against mutants with a defect in adding onto wild-type aggregates, 786 
selection for diploid cells in Step 2 was done in the absence of adenine. (B) Plasmids 787 
expressing mutant Sup35s from individual red prion maintenance library isolates were 788 
transformed into [PSI
+
] cells in which the sole copy of Sup35 was expressed from a 789 
URA3 plasmid. To test whether the mutant Sup35s are inactivated in the presence of 790 
wild-type [PSI
+
], cells were plated on limiting adenine medium selecting for both the 791 
wild-type and mutant Sup35-expressing plasmids (left). Cells were then retested on YPD 792 
after selection for loss of the wild-type plasmid (right). Representative examples are 793 
shown, with the sequences of the mutagenized regions indicated. Sup35-27, a scrambled 794 
version of Sup35 that is not incorporated into wild-type [PSI
+
] aggregates, and wild-type 795 
Sup35, are shown as controls. 796 
 797 
FIG. 4.  ROC (receiver operator characteristic) plot (57) assessing the ability of prion 798 
maintenance propensity (PMP) scores and PAPA to predict the prion-propagating library 799 
mutants. A leave-one-out method of cross was used to assess whether PMP scores from 800 
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the prion maintenance library experiment are sufficient to predict which library members 801 
will successfully propagate [PSI
+
]. PMP scores showed reasonable prediction accuracy 802 
(AUC=0.79); the star indicates the point on the ROC plot for a PMP score of zero. PAPA 803 
showed virtually no ability to distinguish between red and white isolates (AUC=0.56), 804 
with prediction accuracy barely above what would be expected by random chance (dotted 805 
line).  False positive rate = (Number of red isolates scored as prion-propagating)/(total 806 
number of red isolates). True positive rate = (Number of white isolates scored as prion-807 
propagating)/(total number of red isolates). 808 
 809 
FIG. 5. Successful design of prion-propagating sequences.  A library of random 10-amino-acid 810 
sequences was built in silico. The library was screened using the PMP scores from the 811 
ORD prion propagation library experiment.  Six high-scoring sequences (left side of each 812 
panel) and six low-scoring sequences (right side) were selected and inserted into Sup35 813 
in the place of the third repeat of the ORD.  Mutants were introduced to wild-type [PSI
+
] 814 
cells.  Transformants were spotted onto 5-FOA to select for loss of the plasmid 815 
expressing wild-type Sup35, and either: (A) streaked onto YPD medium to test for loss of 816 
[PSI
+
]; or (B) streaked onto SC medium plus 4 mM guanidine HCl, and then streaked 817 
onto YPD medium to test for loss of [PSI
+




] cells 818 
are shown as a control. 819 
 820 
 821 
FIG. 6. Aromatic residues in the ORD are critical for prion propagation. (A) Prion maintenance 822 
by tyrosine substitution mutants. The five tyrosines in repeats 3-5 of the Sup35 ORD 823 





] cells expressing wild-type Sup35 from a plasmid. After selection 825 
for loss of the wild-type plasmid, cells were streaked onto YPD medium to test for the 826 
ability to maintain [PSI
+
]. (B) Tyrosine substitution mutants are efficiently incorporated 827 
into wild-type [PSI
+
] aggregates. Plasmids expressing GFP fusions of each tyrosine 828 





] strains. Cells were grown in galactose/raffinose dropout medium 830 
for two hours and visualized by confocal microscopy. Foci were observed for each fusion 831 
in [PSI
+
] cells, but not [psi
-
] cells. (C) Prion formation by tyrosine substitution mutants. 832 
[psi
-
] strains expressing each mutant as the sole copy of Sup35 were transformed either 833 
with an empty vector (left) or with a plasmid expressing the matching Sup35 mutant 834 
under control of the GAL1 promoter (right).  All strains were cultured for three days in 835 
galactose/raffinose dropout medium, and then 10-fold serial dilutions were plated onto 836 
medium lacking adenine to select for [PSI
+
]. (D) Tryptophan, alanine and phenylalanine 837 
substitution mutants form stable, curable prions. Ade
+
 isolates from panel B were 838 
streaked onto either SC medium (-) or SC plus 3 mM guanidine HCl (+) and then 839 
restreaked onto YPD to test for prion loss.  Two representative Ade
+
 isolates are shown 840 
for each mutant. (E) Overexpression of the tyrosine substitution mutants induces wild-841 
type [PSI
+
] formation.  Yeast expressing wild-type Sup35 were transformed with either 842 
an empty vector (vector), or the vector modified to express either the wild-type Sup35 843 
NM domain (wild-type) or the NM domain of the ORD tyrosine substitution mutants 844 
under control of the GAL1 promoter. Cells were then tested for [PSI
+
] formation.   845 
 846 
FIG. 7.  Aromatic residues are overrepresented and non-aromatic hydrophobics underrepresented 847 
among domains with prion activity. Alberti et al. (12) tested 100 prion-like domains in 848 
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four assays for prion-like activity.  Three of the assays tested aggregation activity, while a 849 
fourth tested the ability of the domains to support prion activity when inserted in the 850 
place of the Sup35 PFD. Box and whiskers plots show the frequency of Q/N residues (A), 851 
aromatic residues (B), and non-aromatic hydrophobic residues (C; Ile, Leu, Met, and Val) 852 
among each of the Alberti proteins that passed all tests (white bars) or that passed all tests 853 




Table 1. Yeast strains. 856 
Name  Genotype Reference 
YER709/pER589 
α kar1-1 SUQ5 ade2-1 his3 leu2 trp1 ura3 ppq1::HIS3 sup35::KanMx [psi-] 
[PIN+] pER589 (URA3, SUP35MC) This study 
YER632/pJ533 
 kar1-1 SUQ5 ade2-1 his3 leu2 trp1 ura3 sup35::KanMx [psi-] [PIN+] 
pJ533 (URA3, SUP35) (42) 
YER282/ pER1112 
a kar1-1 SWQ5 ade2-1 his3 leu2 trp1 ura3 arg1::HIS3 sup35::KanMx [psi-] 
[PIN+] pER1112 (URA3, SUP35-27) (18) 
780-1D/pJ533 
 kar1-1 SUQ5 ade2-1 his3 leu2 trp1 ura3 sup35::KanMx [PSI+] [PIN+] 









ND prion formation  library 
a
 ORD prion formation library 
b




































Alanine 0.053 0.055 0.96 0.095 0.068 1.40 0.089 0.069 1.32 
Arginine 0.024 0.095 0.26*** 0.044 0.107 0.41** 0.054 0.121 0.41**** 
Asparagine 0.061 0.031 1.95 0.047 0.021 2.24 0.038 0.032 1.20 
Aspartic Acid 0.028 0.046 0.60 0.033 0.058 0.57 0.054 0.064 0.83 
Cysteine  0.065 0.071 0.91 0.084 0.062 1.35 0.072 0.047 1.58* 
Glutamic Acid 0.003 0.008 0.42 0.006 0.012 0.53 0.015 0.006 2.70 
Glutamine 0.007 0.016 0.41 0.003 0.003 0.94 0.008 0.007 1.12 
Glycine 0.13 0.213 0.61* 0.144 0.151 0.95 0.114 0.109 1.05 
Histidine 0.031 0.029 1.08 0.047 0.038 1.26 0.04 0.043 0.94 
Isoleucine  0.088 0.055 1.60 0.04 0.058 0.69 0.025 0.043 0.57 
Leucine  0.065 0.071 0.91 0.058 0.06 0.96 0.04 0.063 0.62* 
Lysine 0 0 N/A 0.016 0.009 0.31 0 0.003 0.00 
Methionine  0.014 0.014 0.96 0.088 0.06 1.89 0.002 0.009 0.17 
Phenylalanine  0.121 0.042 2.88*** 0.037 0.053 1.45 0.068 0.049 1.40 
Proline 0.017 0.035 0.48 0.123 0.113 0.70 0.048 0.045 1.07 
Serine 0.109 0.125 0.87 0.04 0.038 1.09 0.12 0.102 1.20 
Threonine 0.061 0.042 1.45 0.016 0.016 1.07 0.037 0.039 0.94 
Tryptophan 0.014 0.021 0.67 0.076 0.055 1.04 0.018 0.005 4.07* 
Tyrosine 0.069 0.042 1.63 0.076 0.086 1.40 0.074 0.028 2.81**** 
Valine  0.125 0.078 1.60 0.095 0.068 0.89 0.085 0.116 0.70* 
Groups          
Charged 
(DEKR) 0.054 0.139 0.35*** 0.129 0.210 0.43*** 0.123 0.194 0.58*** 
Non-aromatic 
hydrophobic 




(IMV) 0.206 0.139 1.61* 0.126 0.143 0.86 0.111 0.168 0.62** 
Aromatic 
(FWY) 0.186 0.101 2.04** 0.168 0.124 1.42 0.160 0.082 2.14*** 
Polar (NQST) 0.220 0.198 1.14 0.197 0.162 1.27 0.203 0.180 1.16 
 860 
a 
The ND library consists of 37 selected [PSI
+
] sequences (296 amino acids) and 62 unselected 861 
sequences (496 amino acids). 862 
b 
The ORD prion formation library consists of 31 selected [PSI
+
] sequences (310 amino acids) 863 




The prion maintenance library consists of 65 white [PSI
+
] sequences (650 amino acids) and 87 865 
red [psi
-
] sequences (870 amino acids). 866 
d 
Odds ratios reflect the degree of over-representation or under-representation of each amino acid 867 
among the prion-forming isolates, as calculated in Equation 1. Values above 1 indicate 868 
over-representation among prion-forming isolates.  Statistical significance of the 869 
over/under-representation is indicated (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, 870 
P < 0.0001). 871 
e 
Odds ratios reflect the degree of over-representation or under-representation of each amino acid 872 





















 Sup35 ND Sup35 ORD 
Phenylalanine  0.84 1.06 0.37 0.33 
Isoleucine  0.81 0.47 -0.37* -0.57* 
Valine  0.81 0.47 -0.12* -0.35* 
Tyrosine 0.78 0.49 0.34 1.03 
Methionine  0.67 -0.04 0.63 -1.80* 
Tryptophan 0.67 -0.41 0.039 1.40 
Cysteine  0.42 -0.10 0.30 0.45 
Serine 0.13 -0.14 0.084 0.18 
Asparagine 0.08 0.67 0.81 0.18 
Glutamine 0.069 -0.88 -0.067 0.11 
Glycine -0.039 -0.49 -0.047 0.047 
Leucine  -0.04 -0.10 -0.039 -0.48 
Threonine -0.12 0.37 0.069 -0.059 
Histidine -0.28 0.077 0.23 -0.064 
Alanine -0.40 -0.036 0.34 0.28 
Arginine -0.41 -1.37 -0.89 -0.88 
Glutamic Acid -0.61 -0.87 -0.63 0.99 
Proline -1.20 -0.73 -0.36 0.065* 
Aspartic Acid -1.28 -0.51 -0.56 -0.19 
Lysine -1.58 N/Ae -1.17 N/Ae 
Groups     
Charged (DEKR) -0.90 -1.04 -0.83 -0.54 
Hydrophobic (ILMV) 0.68 0.34 -0.13** -0.53**** 
Prion-promoting non-
aromatic hydrophobic 
(IMV) 0.88 0.47 -0.15*** -0.48**** 
Aromatic (FWY) 0.84 0.71 0.35 0.76 








Prion formation libraries were performed as in Figure 1C. Prion propensity scores are 880 
calculated as the natural log of the odds ratios from Equation 2. Statistically significant 881 
differences relative to the Sup35-27 library (13) are indicated (*, P < 0.05; **, P < 0.01; 882 




The prion maintenance library experiment was performed as in Figure 1D. Prion maintenance 884 
propensity scores are calculated as in Equation 4. Statistically significant differences relative 885 
to the Sup35-27 library (13) are indicated (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P 886 
< 0.0001). 887 
d 
From Toombs et al. (13) 888 
e
Lysine was not found in any of the prion-forming sequences in the ND library or in any of the 889 
white colonies in the prion propagation library. 890 







